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Abstract 
 
The surface temperature of steel billets during hot rolling can reach up to 1200 °C. High temperature promotes rapid oxidation of the 
surface of steel billets, forming a dense oxide layer similar to fish scales. If not removed in a timely manner, it will damage the surface of 
the steel billets and exacerbate the wear of the rolls during the descaling process. There are many methods for descaling, but high-pressure 
water jet has become the main method for descaling due to its excellent descaling performance, low cost, and ease of use. The tip of the 
descaling nozzle serves as the main component, and its structural parameters affect the final descaling effect. This research changes the 
shape factor of the nozzle groove curve and the diameter of the nozzle throat, and performs computational fluid dynamics (CFD) 
simulations on the simplified nozzle external flow field. The axial velocity at the center of the jet generates a velocity peak at 0.5-1 Dc. 
The peak velocity increases with the increase of shape factor and throat diameter, and the influence of shape factor on the peak velocity is 
greater. For a constant target distance, the length of the velocity stable section along the jet impact line increases with the increase of the 
shape factor. The maximum value of dynamic pressure increases, and the smaller the target distance, the greater the dynamic pressure 
difference. The trend of water volume is roughly the same as that of dynamic pressure. 
 
Keywords: High pressure water, Descaling nozzle, External jet, Conical grooving 
 
 
 

1. Introduction 
 

Among the many methods of descaling, such as abrasive 
water descaling, mechanical descaling, high-pressure water 
descaling, pickling descaling, high-pressure water descaling has 
become the main means of descaling due to its low cost [1]. 
Descaling nozzle as the main element, the structure is mostly flat 
fan-shaped surface nozzle, its jet surface is thin and wide, can 
produce a larger impact force on the impact surface [2]. 
Therefore, the design and placement of the nozzles will have a 

direct effect on the descaling performance. Nozzle exit orifice 
shape, geometric profile, throat diameter and grooving method all 
have a large influence on key jet parameters, such as external jet 
shape, jet coverage and exit velocity [3-4]. In addition, the width, 
thickness and force of the high-pressure water jet on the slab are 
also important parameters in assessing the effect of descaling. 
Strike width and thickness (descaling width and thickness) are 
influenced by the parameters of the nozzle outlet structure [5-6]. 
The dynamic pressure and water volume distribution on the 
impact surface can intuitively be used to derive the magnitude of 
the impact force, and the velocity and pressure distribution on the 
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central axis of the external jet can also reflect the magnitude of 
the impact force side by side [7-8]. 

In previous studies, Gongye et al. investigated the mechanism 
of scale skin formation on the surface of anisotropic hot forgings 
of 300M steel by experiment and simulation, and analysed the 
state of impact force on the surface of three different shapes of hot 
forgings, and found that the degree of difficulty of scale skin 
removal was as follows: flat surface ＜ raised surface ＜ concave 
surface [9]. Wen et al. analysed the jet behaviour of straight 
conical and conical nozzles by means of orthogonal experiments, 
CFD numerical simulations, theoretical calculations and jet 
experiments, and found that the cylindrical outlet surface of the 
straight conical nozzle is conducive to improving the hydraulic 
performance of the nozzle, and the impact force on the jet impact 
surface of the straight conical nozzle increases with the increase 
in the diameter of the throat opening [10]. Rouly et al. used the 
diffusion angle, arc length and aperture ratio of the nozzle as 
structural variables and determined the geometries of the different 
structures using fourth-order Bessel curves, and performed jet 
experiments to find that elliptical nozzles have lower dispersion 
rates, uniform jet fields and suitable jet widths [11]. Huang et al. 
carried out CFD numerical simulation studies on five different 
nozzle shapes and found that after the jet has passed through the 
nozzle, the pressure distribution is always in a state when it hits 
the surface of the object that first produces an instantaneous peak 
pressure and then evolves into a more stable but smaller 
stagnation pressure. The peak jet impact force decreases in the 
order of circular, rectangular, triangular, cruciform and elliptical 
for the same working conditions [12]. Although many previous 
studies have been carried out on the variation of the structural 
parameters of the fan jet nozzle, little research has been carried 
out on the effect of the variation of the shape factor of the 
grooving curve and the diameter of the throat orifice, determined 
by different grooving methods, on the final descaling rate. 

In this study, CFD numerical simulation of nozzles with 
different structures is carried out by varying the shape factor of 
the nozzle notch curve and the throat diameter to investigate the 
jet characteristics of the flow field outside the descaling nozzle, 
and to obtain the distribution of the velocity and the volume of 
water under dynamic pressure on the centre line of the jet of 
nozzles with different structures. The influence of the shape factor 
and throat diameter on the velocity, dynamic pressure and water 
volume distribution at the jet impact line is determined in order to 
provide theoretical support for the optimisation of the structural 
design of the descaling nozzle and its practical use in production. 
 
 

2. Model building 
 
 
2.1. Mathematical modelling 

 
1) Governing equation 

It is necessary to make the following assumptions to simulate 
the internal flow field medium: (1) the fluid medium is an 
incompressible fluid; (2) Fluid media are three-dimensional, non 
isothermal, and stable. Based on the above assumptions, the 

expressions for continuity equation, momentum equation, and 
energy equation are as follows. 
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where ρ is the density of water, kg/m3; u, v and w are the velocity 
vector components in the x, y and z directions; P is the pressure on 
the microelement, Pa; Su, Sv and Sw are the generalized source 
terms of the momentum equation; T is the temperature of the 
fluid, K; k is the fluid heat transfer coefficient, W/(m·K); Cp is the 
specific heat capacity, J/(kg K); ST is the internal heat source of 
the fluid and the part where the mechanical energy of the fluid is 
converted into thermal energy through viscous action. 
 
2) Turbulence model 

RNG k-ε model employs the Boussinesq vortex viscosity 
assumption to close the Reynolds stress term, the Reynolds 
comparison for turbulent diffusion in the scalar field, and the 
inclusion of a rotation-related term in the dissipation rate equation 
to better handle flow in the impinging jet's near-wall region. The 
turbulent kinetic energy k and dissipation rate ε transport 
equations for the RNG k-ε turbulence model are 
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where αk and αε are the turbulent Prandtl number for the k and 

ε equations respectively, αε = αk = 1.39; μeff is the effective 
viscosity coefficient, μeff = μ + μt; μ is the dynamic viscosity 
coefficient; μt is the turbulent viscosity coefficient, μt = ρCμk2/ε; 
Cμ is the viscosity constant; Gk is the turbulent kinetic energy due 
to the laminar velocity gradient; Gb is the turbulent kinetic energy 
due to buoyancy; YM is the fluctuation due to diffusion of the 
transition in compressible turbulence; Sk, Sε are user defined. C*2ε 
= C2ε + Cμρη3(1 - η/η0)/(1 + βη3), η = Sk/ε; the other constants in 
the RNG k-ε equation take the values Cμ = 0.0845, C1ε = 1.42, C2ε 
= 1.68, η0 = 4.38, β = 0.012. 
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2.2. Nozzle model 
 
1) Research programmes 

The structural position of the nozzle directly affects the outlet 
surface of the nozzle. The shape of the outlet surface is mainly 
determined using the grooving method. After analyzing the 
traditional U-shaped groove and V-shaped groove, it has been 
determined that the conical curve groove is intermediate between 
the two. Its shape function is as follows: 

 
by ax= −  (8) 

 
where y is the vertical coordinate of any point P on the conic 

section. x represents the abscissa of point P on the conic section. a 
and b are called conic function constants and only depend on 
shape factor. 

The conic function constants are related to the shape factor as 
follows: 

 
23.7116 1.29524 3.52504b C C= − + +  (9) 

 
20.57169 0.72136 0.12473a C C= + +  (10) 

 
where C is the shape factor. 
In addition to the possible impact of changes in the shape 

factor of the groove curve on the outlet surface, changes in the 
diameter of the nozzle throat may also have an impact. Combine 
the two to select nozzles with different structures, with shape 
factors between 0.6 and 0.9 and throat diameters between 2.1 and 
2.4 mm, for orthogonal experiments. Table 1 displays the 
orthogonal experiment table. 

 
Table 1. 
Orthogonal experiment table of nozzle shape factor and throat 
diameter 

 C 
D 0.6 0.7 0.775 0.8 0.9 

2.1 C=0.6 
D=2.1 

C=0.7 
D=2.1 

C=0.775 
D=2.1 

0.8 
2.1 

0.9 
2.1 

2.15 C=0.6 
D=2.15 

C=0.7 
D=2.15 

C=0.775 
D=2.15 

0.8 
2.15 

0.9 
2.15 

2.2 C=0.6 
D=2.2 

C=0.7 
D=2.2 

C=0.775 
D=2.2 

0.8 
2.2 

0.9 
2.2 

2.3 C=0.6 
D=2.3 

C=0.7 
D=2.3 

C=0.775 
D=2.3 

0.8 
2.3 

0.9 
2.3 

2.4 C=0.6 
D=2.4 

C=0.7 
D=2.4 

C=0.775 
D=2.4 

0.8 
2.4 

0.9 
2.4 

 
2) Models and constraints 

In order to reduce computational workload and consider the 
possible impact of different structures on the internal flow field of 
nozzles, it is necessary to conduct numerical simulations of the 
internal flow field of nozzles with different structures. This study 
focuses on the 642.766.27.01 nozzle used for descaling after the 
furnace on the 2150 production line of a hot rolling plant. The 
flow field inside the nozzle was modeled and meshed using 

Gambit software. Fig. 1. shows the computational domain model 
of the flow field inside the nozzle. 

 

 
Fig. 1. Schematic diagram of the internal flow field of the 

descaling nozzle 
 
In the simulation of internal flow, the fluid is water. Set the 

gap of the filter as the high-pressure water inlet as the pressure 
inlet, and the outlet of the nozzle as the pressure outlet. In the 
boundary condition setting, use the standard wall function to set 
the remaining part of the outer surface as the wall. The SIMPLE 
algorithm was used to achieve pressure velocity coupling, and 
physical weight was used to discretize the calculation domain. An 
implicit second order steady state solver was used for all 
simulations. If the energy residual is less than 10-6 and other 
variable residuals are less than 10-3, the calculation is considered 
to be converged. The relevant physical parameters and operating 
parameter settings are listed in Table 2. 

 
Table 2. 
Orthogonal experiment table of nozzle shape factor and throat 
diameter 

Properties and conditions Parameters 

Inlet pressure, p1/MPa 23 
Outlet pressure, p2/MPa 0.1 

Density, ρ/(kg·m-3) 998.2 
Specific heat capacity, Cp/(J·kg-1·K-1) 4182 

Viscosity, µ/(Pa·s) 0.001 
Temperature, T/K 300 

 
When simulating an external jet, this article takes the internal 

flow field below 9mm from the nozzle as the inlet of the external 
flow field. The fluid medium in the simplified nozzle area is 
water, while in areas other than the nozzle, the fluid medium is set 
to air. Set the simplified nozzle cross-section as the velocity inlet; 
The parameters of this surface are the same as those of the 
internal flow field, with the periphery of the nozzle set as the wall 
surface and the peripheral surfaces of the other calculation 
domains set as the pressure outlet. Fig. 2. depicts the schematic 
diagram of the computational domain of the external flow field. 

 



124  A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 4 ,  I s s u e  1 / 2 0 2 4 ,  1 2 1 - 1 2 8  

 
Fig. 2. Schematic diagram of the calculation domain of the 

external flow field of the descaling nozzle 
 
 

3. Experimental setup and verification 
 

Before conducting numerical simulations, the accuracy of the 
mathematical model must be verified. Therefore, based on the 
relevant research content, a professional experimental platform 
has been established. The schematic diagram of the experimental 
setup is shown in Fig. 3.(a), which comprises primarily of a 
supporting frame, background plate, nozzle, high-pressure water 
pump, and high-resolution camera. SolidWorks software is 
applied to create a simplified model of the nozzle for 3D printing. 
The schematic diagram of the simplified nozzle is illustrated in 
Fig. 4., where D is the diameter of the throat and DO is the width 
of the outlet slot. Fig. 3.(b) shows the schematic diagram of the 
3D printing nozzle. The high-pressure water pump is connected to 
the nozzle, the jet angle of the free jet of the nozzle and the jet 
impact width are tested at a target distance of 120 mm when the 
outlet pressure of the high-pressure water pump is 16 MPa (as 
shown in Fig. 3.(c)), and the experimental results are compared 
with the simulated results, as indicated by Fig. 6. The jet angles 
obtained from simulation and experiment are 25.9° in Fig. 5.(a) 
and 26.3°in Fig. 6.(b), with a relative error of 2.3%; the jet widths 
are respectively 68.1 mm and 65.9 mm obtained at a distance of 
120mm from the nozzle outlet, with a relative error of 3.3%. The 
results demonstrate that the simulation results are consistent with 
the experimental findings. 

 

 
Fig. 3. Arrangement of experimental equipment (a), test nozzles 

(b) and pressure of experiments (c) 

 
Fig. 4. Schematic diagram of high-pressure water descaling 

nozzle 
 

 
Fig. 5. Comparison of (a) simulation and (b) experimental results 

for external jet 
 
 

4. Results and analysis 
 
 
4.1. Centreline parameter distribution 
 

By simulating the orthogonal experimental scheme mentioned 
above, relevant cloud maps of the external flow field were 
obtained. Fig. 6. illustrates the external jet velocity and dynamic 
pressure contours of nozzles with C=0.775 and D=2.1 at various 
target distances. As the target distance increases, the jet impact 
width and thickness gradually increase and decrease, respectively. 
In Fig. 6.(a), the area of the velocity core region increases as the 
target distance increases. The dynamic pressure is an important 
factor for evaluating the effective descaling area. In general, the 
jet impact zone with a dynamic pressure greater than 1.37 MPa is 
the most effective descaling zone in actual production. Fig. 6.(b) 
further indicates that the effective scale removal area increases 
with the increase of target distance. The increasing trend of width 
and area is similar to the expanding trend of speed core area. 

 

 
Fig. 6. Nephogram of external jet velocity (a) and dynamic 

pressure (b) of nozzles with C=0.775 and D=2.1 under different 
target distance sections 
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Fig. 7 shows the axial velocity distribution on the centerline 
of nozzle jets with different structures. It can be observed that the 
trend of speed change is roughly the same. The different positions 
of black areas with the same shape in the Fig. 7. represent 
different throat diameters. Analyzing the velocity distribution on 
the central axis of the jet, it was found that after high-pressure 
water was sprayed through the nozzle outlet, within a 0-1 Dc 
interval, the high-pressure jet from the narrow aperture nozzle 
sprayed into the free space, resulting in a rapid conversion of 
pressure energy and kinetic energy, causing the jet velocity at that 
location to surge. When the peak velocity is generated at the 
position of 0.5-1 Dc, the peak velocity increases with the increase 
of shape factor and throat diameter, and the influence of throat 
diameter is relatively small. The velocity attenuation law of 
external nozzle jets with different structures along the central axis 
is basically the same. 

 

 
Fig. 7. Velocity distribution at the centreline of external jet 

nozzles with different configurations 
 
Fig. 8. shows the axial dynamic pressure and water 

distribution on the centerline of the jet with different nozzle 
structures, and the trends of dynamic pressure and flow rate are 
roughly the same. In the range of 0-1 Dc, the rapid increase in jet 
velocity leads to a rapid decrease in dynamic pressure at smaller 
target distances. As the target distance increases, the jet from the 
beam gradually disperses onto the flat fan-shaped surface, and the 
volume of water also decreases. 

 

 
Fig. 8. Comparison of (a) simulation and (b) experimental results 

for external jet 
 
 
 
 

4.2. Velocity radial distribution 
 

Fig. 9. shows the velocity distribution of the external jet of the 
C=0.775, D=2.1 structure nozzle.  It can be seen that the 
outermost layer on the surface of the jet is the atomization layer, 
which acts as the inner and outer boundary layers of the jet 
inward. The red area in the centre is the core of the jet. Along 
different target distances, in the radial direction, from the outside 
to the inside, the velocity increases as it gradually approaches the 
central axis, reaching its maximum value at the core of the jet. 
The law of controlling jet velocity along the axis is the same as 
the law analyzed in the previous section. After leaving the nozzle, 
the jet sprays from a smaller orifice into a larger space, causing a 
surge in velocity in the initial part. As the axial distance increases, 
the surge gradually decreases. 

 

 
Fig. 9. Velocity distribution of the outer jet for the C=0.775, 

D=2.1 structure nozzle 
 
Fig. 10. shows the radial distribution of external jet velocity 

under different nozzle configurations and target distances. Fig. 10. 
(a) shows the radial velocity distribution of nozzles with 
structures C=0.6 and D=2.1 at different target distances. Fig. 10. 
(a) shows the radial distribution of velocity at different target 
distances with C=0.6 and D=2.1. It can be observed that the radial 
velocity decays from the center to both sides. The edge side is the 
air velocity in the free jet basin, and the radial velocity generates a 
rapid increase in the atomization layer and boundary layer of the 
jet. A stable velocity section is formed near the velocity of 250-
300m/s, which is at the core area of the jet. The stable speed 
segment increases with the increase of target distance. 

In Fig. 10. (a), (b), (c), and (d), the shape factors increase 
sequentially. For the same target distance, the stable speed 
segment increases with the increase of shape factor. The effective 
width, peak radial velocity, and core area of the jet also gradually 
increase. In actual production use, nozzles with different shape 
coefficients can be selected according to different needs. 
Although the stable velocity section gradually increases or 
decreases, the peak radial velocity of the jet gradually decreases. 
When practical applications require more concentrated and faster 
impact on the surface, the target distance can be reduced. When 
practical applications require a smaller impact velocity but a 
larger jet coverage area, nozzles with larger target distances or 
shape coefficients can be selected. 
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Fig. 10. Radial distribution of external jet velocity at different 

target distances for different nozzle configurations 
 
 
4.3. Dynamic pressure radial distribution 
 

The descaling effect of high-pressure water nozzles is also 
related to various factors, such as the process parameters, layout, 
and nozzle performance of the system, which can affect the 
descaling effect. For the external jet of the nozzle, dynamic 
pressure is an important physical quantity to measure the dynamic 
parameters of the jet. The greater the kinetic energy of the jet, the 
greater the impact force and the better the descaling effect. The 
distribution of jet dynamic pressure can comprehensively consider 
the distribution of jet velocity and water volume fraction, thus 
measuring the descaling effect. Based on actual production 
requirements, the equivalent surface surrounding area with 
dynamic pressure greater than 1.37Mpa is defined as the effective 
descaling area.  

Fig. 11 shows the distribution of jet dynamic pressure greater 
than 1.37Mpa outside the nozzle with C=0.775 and D=2.1. It can 
be observed that the dynamic pressure distribution is different 
from the velocity distribution, and its effective width at the same 
target distance is smaller than the width of the velocity field. This 
is because the dynamic pressure only considers the energy 
generated by fluid flow, and when measuring the velocity field, it 
is also necessary to consider the velocity changes generated by the 
jet entraining the surrounding air. The effective impact surface of 
the jet can be intuitively obtained in the Fig. The dynamic 
pressure on the centerline of the jet gradually decreases with the 
increase of target distance. On the radial direction of the same 
target distance, the area with smaller dynamic pressure surrounds 
the dynamic pressure core area. As the radial position changes 
from negative to positive, the trend of dynamic pressure change 
also gradually increases at first, stabilizes on both sides near the 
centerline, and then gradually decreases. 

 
Fig. 11. Dynamic pressure distribution of the outer jet for the 

C=0.775,D=2.1 structure nozzle 
 
Fig. 12. (a) shows a schematic diagram of the radial 

distribution of dynamic pressure at different target distances of 
C=0.6 and D=2.1. The radial position changes from negative to 
positive, and the dynamic pressure gradually increases from 0. At 
this time, it is the dynamic pressure of the air in the free shooting 
basin, which gradually increases, with peaks appearing on both 
sides of the center and then gradually decreasing. It is worth 
noting that as the target distance increases, the dynamic pressure 
stable region enclosed by both sides of the centerline gradually 
increases. At a target distance of 30mm, almost no dynamic 
pressure stable region can be observed, and the overall dynamic 
pressure distribution presents a mountain peak shape. And when 
the target distance is 150mm, it will be observed that the valley 
value on the effective impact line of the jet is lower than the 
actual minimum dynamic pressure required. 

The shape factors in Fig. 12. (a), (b), (c), and (d) increase 
sequentially. Under the same target distance, the dynamic 
pressure stable section increases with the increase of shape factor, 
and the peak dynamic pressure of the external flow field of the jet 
increases along the impact force line, and the effective width of 
the jet also gradually increases. When C=0.9, the nozzle will 
experience significant fluctuations in the dynamic pressure stable 
section at target distances of 90mm, 120mm, and 150mm. 
Therefore, in actual production use, suitable nozzles can be 
selected according to needs. In this study, the nozzle shape factor 
and target distance gradually increased, and the effective strike 
width of the jet gradually increased. However, when 0.775< C <1, 
the effective strike width of the jet fluctuated significantly. 
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Fig. 12. Radial distribution of external jet dynamic pressure at 
different target distances for different nozzle configurations 

 
 
4.4. Water volume radial distribution 
 

Fig. 13. shows the distribution of volume fraction of jet water 
outside the nozzle with C=0.775 and D=2.1 It can be observed 
that the distribution of water volume fraction and velocity 
distribution cover an area that is roughly the same, with a higher 
water volume distribution at the nozzle position. As the axial 
distance increases, the water volume fraction gradually diverges 
in a fan-shaped shape, and the distribution gradually fluctuates. A 
larger fluctuation will affect the final descaling effect, leading to 
poorer results. 

 

 
Fig. 13. Water volume fraction distribution of the outer jet for the 

C=0.775,D=2.1 structure nozzle 
 

Fig. 14. (a) shows a schematic diagram of the radial 
distribution of dynamic pressure at different target distances of 
C=0.6 and D=2.1. As the radial position changes from negative to 
positive, the trend of water volume fraction change is similar to 
the radial trend of dynamic pressure. Under the same target 
distance, the shape factors in Figs 14 (a), (b), (c), and (d) increase 
sequentially, and the stable water volume fraction decreases with 
the increase of the shape factor. The peak water volume fraction 

in the external flow field of the jet decreases along the impact 
force action line, but the impact force action line of the jet 
gradually increases. Similarly to the dynamic pressure 
distribution, when 0.775<C<1, the impact force action line of the 
jet will increase, but the fluctuation is significant. 

 

 
Fig. 14. Radial distribution of external jet water volume fraction 
at different target distances for different nozzle configurations 

 
 

5. Conclusions 
 

At the position 0.5-1 Dc along the centerline of the external 
jet velocity of the descaling nozzle, the velocity increases sharply, 
and the peak velocity is greatly affected by the shape factor. In the 
0-1 Dc range, due to the rapid increase in jet velocity, the 
dynamic pressure decreases, the jet gradually diverges, and the 
water volume fraction also gradually decreases. 

The radial distribution of velocity, dynamic pressure, and 
water volume on the action line of the impact force increases 
sharply when it reaches the atomization layer and boundary layer 
of the jet, and then reaches its peak in the core area of the jet. The 
velocity increases sharply along the centerline target distance and 
then gradually stabilizes and decreases. The dynamic pressure and 
water volume first decrease sharply and then tend to stabilize. 

For the same shape factor, as the target distance increases, the 
impact force line of the jet gradually increases, and the stable 
length of the velocity, dynamic pressure, and water volume also 
increases. When the target distance is the same, the shape factor 
increases, and the length of the stable section for velocity, 
dynamic pressure, and water volume also increases. The peak 
dynamic pressure gradually increases, but the peak water volume 
gradually decreases. When 0.775 ＜  C ＜  1, the effective strike 
width of the jet will increase, but the fluctuation is significant. 
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